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ABSTRACT
The acceleration and radiative processes active in low-power radio hotspots are in-
vestigated by means of new deep near-infrared (NIR) and optical VLT observations,
complemented with archival, high-sensitivity VLT, radio VLA and X-ray Chandra
data. For the three studied radio galaxies (3C105, 3C195 and 3C 227), we confirm
the detection of NIR/optical counterparts of the observed radio hotspots. We resolve
multiple components in 3C227 West and in 3C105 South and characterize the diffuse
NIR/optical emission of the latter. We show that the linear size of this component (&4
kpc) makes 3C105 South a compelling case for particles’ re-acceleration in the post-
shock region. Modeling of the radio-to-X-ray spectral energy distribution (SED) of
3C195 South and 3C 227 W1 gives clues on the origin of the detected X-ray emission.
In the context of inverse Compton models, the peculiarly steep synchrotron curve of
3C195 South sets constraints on the shape of the radiating particles’ spectrum that
are testable with better knowledge of the SED shape at low (.GHz) radio frequencies
and in X-rays. The X-ray emission of 3C227 W1 can be explained with an additional
synchrotron component originating in compact (<100 pc) regions, such those revealed
by radio observations at 22 GHz, provided that efficient particle acceleration (γ &107)
is ongoing. The emerging picture is that of systems in which different acceleration and
radiative processes coexist.
Key words: radio continuum: galaxies - radiation mechanisms: non-thermal - accel-
eration of particles
1 INTRODUCTION
Hotspots are compact and bright regions typically lo-
cated at the edge of the lobes of powerful radio galax-
ies. In the standard scenario, the hotspots mark the region
where a relativistic jet impacts the surrounding medium
and particles are accelerated by strong shocks and may
radiate up to X-rays. The main mechanism at the ori-
gin of X-ray emission from hotspots is still debated. In
many cases, the near infrared (NIR) and optical fluxes
rule out a single synchrotron radio-to-X-ray component
(see e.g. Zhang et al. 2018, for a recent compilation). In-
terestingly, there seems to be a connection between the
radio luminosity of the hotspots and their X-ray proper-
ties. In fact, in powerful hotspots (with 1.4 GHz luminosi-
⋆ E-mail: giulia.migliori@inaf.it
ties &1025 W Hz−1 sr−1), like CygnusA (Stawarz et al.
2007), the X-ray emission is consistent with synchrotron self-
Compton radiation (SSC) from relativistic electrons (e.g.
Harris et al. 1994; Harris, et al. 2000; Hardcastle et al. 2004;
Kataoka & Stawarz 2005; Werner et al. 2012). However, in
low-power hotspots (with 1.4 GHz luminosities .1025 W
Hz−1 sr−1), SSC radiation would require a large departure
from conditions of energy equipartition between particles
and magnetic field to reproduce the observed levels of X-
ray emission (Hardcastle et al. 2004). An alternative pro-
cess is inverse Compton (IC) scattering off the cosmic mi-
crowave background (CMB) seed photons (Kataoka, et al.
2003; Tavecchio, et al. 2005). For this mechanism to be ef-
fective, the plasma in the hotspot must be still relativis-
tic and the region seen under a small viewing angle, two
assumptions in contrast with the constraints derived from
the observed symmetrical, large-scale morphology of the ra-
© 2002 The Authors
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dio galaxies. Moreover, one-zone synchrotron-IC models can-
not account for the offsets that are often observed between
the centroids of the X-ray and radio-to-optical emission
(Hardcastle et al. 2007; Perlman et al. 2010; Orienti et al.
2012). A decelerating jet with multiple, radiatively interact-
ing emitting regions has been put forward as a viable so-
lution by Georganopoulos & Kazanas (2004). Alternatively,
the X-ray emission may be explained in terms of synchrotron
radiation from a highly energetic population of particles,
different from that responsible for the radio-to-optical emis-
sion (e.g. Hardcastle et al. 2004, 2007; Tingay et al. 2008;
Orienti et al. 2012; Mingo et al. 2017; Orienti et al. 2017).
The spectral shape of the synchrotron emission from low
and high radio power hotspots are also different, with the
former one having higher break frequencies (νbreak, i.e. the
synchrotron frequencies of the oldest electrons still within
the hotspot volume) than the latter ones. This can be ex-
plained if the break frequency is related to the magnetic field
strength (B) in the hotspot volume, so that the electrons
producing the optical emission survive a longer time in low
radio power hotspots (with correspondingly lower B) than
in high radio power hotspots. The observed dependence,
νbreak ∝ B
−3, is in agreement with theoretical expecta-
tions based on the shock-acceleration model (Brunetti et al.
2003). On the other hand, the scenario of radiation from
particles accelerated by a single strong shock at the jet
termination is challenged by a number of observational
issues. In several sources, we observe hotspot complexes
with multiple bright features surrounded by diffuse emis-
sion (Black, et al. 1992; Leahy, et al. 1997). In particular,
the discovery of optical diffuse emission extending on kpc-
scale can be hardly reconciled with the short radiative life-
times of optical-emitting particles (e.g. Prieto & Kotilainen
1997; Prieto et al. 2002; La¨hteenma¨ki & Valtaoja 1999;
Cheung et al. 2005; Mack et al. 2009; Erlund et al. 2010;
Orienti et al. 2012). This suggests that efficient and spa-
tially distributed acceleration mechanisms could be active
in the post-shock region. Recent Atacama Large Millimeter
Array (ALMA) observations of the hotspot 3C 445 South
unveiled highly polarized regions, suggesting the presence of
shocks, enshrouded by unpolarized diffuse emission, compat-
ible with instabilities and/or projection effects in a complex
shock surface (Orienti et al. 2017).
In this paper we present results on a new multi-band
campaign of four low-power hotspots from the sample pre-
sented in Mack et al. (2009): 3C 105 South (z=0.089),
3C 227 East and West (z=0.0863) and 3C 195 South
(z=0.109). The new Very Large Telescope (VLT) observa-
tions were requested with the goal of defining the hotspots’
broad-band spectral energy distribution (SED), constrain
the emission mechanisms at work at high-energies and search
for diffuse optical emission, as a possible signature of par-
ticle re-acceleration. Indeed, the selection criteria of low
power hotspots (radio power, redshift and declination, see
Mack et al. 2009) set very constraining limits for optical de-
tection, even with the most sensitive telescopes as the VLT,
hence the small number of sources. Nonetheless, dedicated
studies of a few sources, representative of the entire popula-
tion, have the potential to progress our understanding of the
particle acceleration and radiative processes active in these
structures.
We analyze the new VLT observations in the
NIR/optical bands and radio observations obtained with the
Very large Array (VLA). We also retrieve archival Chan-
dra data in order to extend the study to X-rays. Two
hotspots (namely 3C 105 South and 3C227 West) showed
extended optical emission in earlier VLT images presented
in Mack et al. (2009), whereas the other two (3C 195 South
and 3C 227 East) were only tentatively detected and the
new VLT observations also aimed at confirming their NIR-
optical emission.
This paper is organized as follows: in Section 2 we present
the observations and data analysis; results are reported in
Section 3; spectral modeling of the best candidates is de-
scribed in Section 4 and the results discussed in Section 5
and conclusions are drawn in Section 6.
Throughout this paper, we assume the following cos-
mology: H0 = 71 km/sMpc
−1, ΩM = 0.27 and ΩΛ = 0.73,
in a flat Universe. The spectral index, α, is defined as
S(ν) ∝ ν−α.
2 OBSERVATIONS
2.1 Optical and near infrared observations
Optical and NIR observations of the hotspots were taken
with the VLT in Paranal, Chile, under the observing pro-
grams 69.B-0544, 072.B-0360 (P.I. Prieto) and 084.B-0362
(P.I. Orienti). Observations of period 69 were acquired in
2001-2003 using the Infrared Spectrometer And Array Cam-
era (ISAAC, NIR imaging). Observations of period 72 were
acquired in 2003 November-December, using the FOcal Re-
ducer and low dispersion Spectrograph 1 (FORS1, optical
imaging). Observations of period 84 were acquired between
2009 November and 2010 March, using FORS2 and ISAAC
(optical and NIR imaging, respectively). The observations
performed in 2009 and 2010 are presented here for the first
time, whereas those taken between 2001 and 2003 were
already presented in Mack et al. (2009) and Orienti et al.
(2012) and are here re-analyzed. Table 1 provides further
details on the observing log.
The reduction of individual exposures was carried out us-
ing standard tasks of FORS imaging pipeline, executed
under the ESOreflex environment (Freudling et al. 2013).
Standard reduction includes bias observations, sky flats
to correct for field illumination and pixel-to-pixel sensitiv-
ity variations. The sky background was computed in re-
gions free from sources and interpolated over the field of
view. Individual exposures were then coadded with the iraf
task imcombine using bright sources as reference for align-
ment. Astrometric correction, to compensate systematics
in the telescope pointing, was performed using the Two
Micron All Sky Survey (2MASS) point-like source cata-
logs (Skrutskie et al. 2006). The number of stars used for
the astrometric correction goes from a minimum of 5 (for
3C105 South in Ks/J/H) up to 40 (3C195 South in R and
B), resulting in a positional uncertainty within 0.5′′ in all
cases.
Finally, a precise estimation of the residual sky contamina-
tion was computed on the final stacked image on a region
close to the source of interest to compensate for large-scale
variations in the field of view introduced by the instrument
pipeline. The standard deviation of the counts in the sky-
selected region was used to estimate the photometric error
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due to the sky background.
Despite observations of standard star fields were foreseen,
some of our targets missed the relevant calibrations in
several bands (B, R, Ks, H, Js for 3C227West; B, R,
Ks for 3C227 East; B, R, Js for 3C105 South and Ks for
3C195 South). For those fields, we calibrated our observa-
tions using known sources in the observed field, exploiting
the information of the Position and Proper Motions eX-
tended (PPMX) catalogue (Ro¨ser et al. 2008, i.e. the only
catalogue that contains non-saturated sources in our fields of
view). The standard deviation of the difference between the
measured and tabulated magnitudes was used to estimate
the error on the photometric zeropoint; this was combined
to the photometric error determined above to compute the
total uncertainties of our measurements (see Table 1).
2.2 X-ray observations
X-ray observations of our targets were publicly available in
the NASA’s high-energy archive1. Given the need for high
angular resolution mapping, we considered only Chandra
pointings, which allow us to resolve X-ray structures on
sub-arcsecond scales. We re-analyzed for consistency the
archival Chandra observations using up-to-date calibration
files. A log table of the X-ray observations is reported in
Table 2. The observations were taken with the ACIS-S
array in very faint (VF) mode. For 3C 105 and 3C 227,
the southern hotspot and the western hot spot complex,
respectively, were placed near the aim point, on the S3 chip.
Due to the radio source angular extension of 3C 227, the
eastern hotspot fell on a different chip. The observation of
3C 195 was centered on the X-ray core, however the whole
radio structure (.130′′) fits on the S3 chip. The X-ray data
analysis was performed with the Chandra Interactive Anal-
ysis of Observation (CIAO) 4.9 software (Fruscione et al.
2006) using the calibration files CALDB version 4.7.7. We
ran the chandra repro reprocessing script, that performs
all the standard analysis steps. We checked and filtered
the data for the time intervals of background flares. For
imaging purposes, the two observations of 3C 227 were
merged together. By default, the energy-dependent sub-
pixel event-resolution (EDSER) algorithm, which improves
the ACIS image quality, was applied to all datasets. We
generated smoothed images in full pixel resolution (0′′.492)
and rebinned to a pixel size of 0′′.296 and 0′′.123. The spec-
tral analysis was performed with Sherpa (Freeman et al.
2001). We employed the cstat statistic (Cash 1979) together
with the neldermead optimization method (Nelder & Mead
1965). The spectra were not rebinned and, if not differently
specified, the background was modeled. Uncertainties
are given at the 90 per cent confidence level. When
the statistics were too low, we used PIMMS to convert
the 0.5–7.0 keV net count rates into the 1 keV flux densities.
2.3 Radio observations
We retrieved archival VLA data for the hotspots 3C 105
South, 3C 227 East and West, and 3C 195 South. Observa-
1 https://heasarc.gsfc.nasa.gov/docs/archive.html.
tions of 3C 105 South at 4.8 and 8.4 GHz, and 3C 227 West
at 8.4 GHz were performed with the array in A-configuration
and were centred on the hotspot itself, while observations at
4.8 GHz for 3C 195 and 3C 227 were performed with the ar-
ray in B-configuration and were centred on the nucleus of
the radio galaxy. In all the observations the absolute flux
density scale was calibrated using the primary calibrator
3C286. The phase calibrators were 0424+020, 0730−116,
and 0922+005 for 3C 105, 3C 195, and 3C 227, respectively.
The observations were performed with the historical VLA
and the bandwidth was 50 MHz per per intermediate fre-
quency (IF), with the exception of the observations of 3C 105
South and 3C 227 West that had a bandwidth of 25 MHz per
IF, and 12.5 MHz per IF, respectively. Calibration and data
reduction were carried out following the standard procedures
for the VLA implemented in the National Radio Astronomy
Observatory (NRAO)’s Astronomical Image Processing Sys-
tem (AIPS) package. Final images were produced after a
few phase-only self-calibration iterations and using uniform
weighting algorithm. Primary beam correction was applied
at the end of the imaging process. The rms noise level on
the image plane is negligible if compared to the uncertainty
of the flux density due to amplitude calibration errors that,
in this case, are estimated to be ∼ 3 per cent. Log of the
radio observations is reported in Table 3.
In addition to the archival data, we got Jansky VLA
observations at 22 GHz of the hotspots 3C 227 West and
East (project code 18A-087). Observations were performed
on 2018 March 5 with the array in A-configuration. Details
on the observations and data calibration and imaging are
discussed in Orienti et al. (2020).
3 RESULTS
3.1 Image registration and flux measurements
To construct the SED of individual hotspot components,
the flux density at the various wavelengths must be mea-
sured in the same region, avoiding at the same time con-
tamination from unrelated sources and components. Radio
and optical/NIR images were aligned with respect to each
others using reference sources from the 2MASS catalogue
(see Sec. 2.1). Figure 1 shows the optical B-band image of
each hotspot with superimposed radio contours.
We performed the astrometric correction of the X-ray im-
ages by comparing the cores’ X-ray and radio positions and
verified the accuracy of the registration (within 0.1 arcsec)
using sources with infrared counterparts in the 2MASS.
We defined a common region of integration for the radio,
optical/NIR and X-rays images, following the contour on
the radio emission that corresponds to the 5 per cent of the
radio peak flux of each hotspot component.
NIR and optical images with the regions of integration
and Chandra X-ray images with overlaid radio contours are
presented in Figs. 2 to 7. Radio, NIR and optical fluxes
for each hotspot component are reported in Table 4. There
are discrepancies in some bands between our measurements
and those reported by Mack et al. (2009) and Orienti et al.
(2012) for 3C 105 South and 3C195 South. The reason of
the discrepancy boils down to few facts: (a) in this work we
have performed a local evaluation of the sky-background,
MNRAS 000, 1–?? (2002)
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Table 1. VLT observations of the radio hotspots.
Hotspot Date Instrument, Band Central wavelength Photometric error
(YYYY-MM-DD) (µm) (mag)
3C 105 S 2001-08-20 ISAAC, Ks 2.16 0.02
2002-09-24 ISAAC, H 1.65 0.04
2009-11-03 ISAAC, Js 1.24 0.17
2003-11-26 FORS1, R BESS 0.657 0.86
2009-11-25 FORS2, b HIGH 0.440 0.30
3C 195 S 2009-11-03 ISAAC, Ks 2.16 0.16
2003-01-21 ISAAC, H 1.65 0.04
2003-12-18 FORS1, R BESS 0.657 0.01
2003-11-30 FORS1, B BESS 0.429 0.02
3C 227 E 2010-01-17 ISAAC, Ks 2.16 0.13
2003-12-18 FORS1, R BESS 0.657 0.28
2003-12-18 FORS1, B BESS 0.429 0.24
3C 227 W 2001-04-18 ISAAC, Ks 2.16 0.07
2009-12-27 ISAAC, H 1.65 0.14
2009-12-27 ISAAC, Js 1.24 0.11
2010-02-13 FORS2, R SPECIAL 0.655 0.08
2010-02-15 FORS2, b HIGH 0.440 0.21
Table 2. Log of the Chandra observations of the hotspots.
Columns: 1-hotspot name; 2-Chandra observation ID; 3-
observation date; 4-time on source after filtering for flaring back-
ground.
Name ObsID Date Livetime
(YYYY-MM-DD) (ksec)
3C 105 S 9299 2007-05-12 8.1
3C 195 S 11501 2010-01-09 19.8
3C 227 E/W 6842 2006-01-15 29.8
7265 2006-01-11 19.9
as the sky residuals in the background-subtracted product
of the pipeline were not negligible; (b) we have adopted
polygonal region for flux integration following a fixed
iso-contour level, which is different from what used in the
past; and (c) for the exposures that have no available
standard star observations on the same night, we used field
stars to calibrate them, whereas the previous studies used
standard star observations acquired on different nights,
with probably different atmospheric conditions.
For 3C 227 West, the X-ray counts were enough to
obtain spectra of each of the two components of the hotspot
complex. An absorbed power-law model with the column
density fixed to the Galactic value (NH = 2 × 10
20 cm−2
HI4PI Collaboration et al. 2016) was used to simultane-
ously fit the spectra of the two Chandra observations. The
best fit values for each spectrum are reported in Table 5.
The 0.5–7.0 keV net count rates of 3C 105 South, 3C 195
South and 3C227 East were converted into unabsorbed flux
densities at 1 keV assuming an absorbed power law model
with photon index Γ = 1.8 (in accordance with the best fit
model for 3C 227 West) and the column density fixed to the
Galactic value (Table 5). Keeping into account differences
in the selected regions, our results are in broad agree-
ment with those reported for the targets in the literature
(Hardcastle et al. 2007; Massaro et al. 2011; Orienti et al.
2012; Mingo et al. 2017).
3.2 Notes on individual sources
3.2.1 3C 105 South
The hotspot complex consists of a jet knot (S1), observed
from radio to X-rays, and a double hotspot (see Fig. 2).
The detection of NIR emission from 3C 105 South was first
reported in Mack et al. (2009). Orienti et al. (2012) pre-
sented a radio-to-X-ray study of the compact features of the
hotspot complex, while here we focused on the diffuse com-
ponent. The primary hotspot (S2) is brighter in radio than
the secondary hotspot (S3), while it becomes the faintest
in NIR and optical (Fig. 2), suggesting that the energy dis-
tribution of the radiating particles in the two hotspots is
different. In the Chandra observations the jet knot S1 is
clearly observed, while X-ray emission from S2 and S3 is
only marginally detected (6.6±2.6 net counts in the 0.5–7
keV energy range).
The three compact components of the hotspot com-
plex are enshrouded by diffuse emission (3C 105 S ext) that
could not be well characterized in Orienti et al. (2012). The
NIR/optical diffuse emission has been obtained by subtract-
ing the emission of the three main components from the total
flux: with the new J- and B-band data, the diffuse emission
is now detected in all radio-to-optical bands (see Table 4).
The extraction regions of the NIR/optical compact emission
were defined based on the radio images, with the limit being
(conservatively) fixed at 5 per cent of the radio peak of each
component. While this choice was dictated by the need to
have common regions for the SED, it is still reasonable as
long as the radio and NIR/optical peaks of the three fea-
tures are spatially coincident. The extension of the diffuse
emission cannot be easily determined because of its irreg-
ular spatial distribution. To get an indicative estimate, we
extracted the brightness profile of the H-band emission from
a rectangular region (6′′×0′′.8) covering the S3 component
MNRAS 000, 1–?? (2002)
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Table 3. VLA observations of the radio hotspots. Columns: 1-hotspot name; 2-frequency; 3 & 4-beam size and beam position angle,
respectively; 5-off-source 1σ noise level measured on the radio image; 6 & 7-date of the observations and project code, respectively; 8:
target offset from the pointing direction.
Name Freq. Beam PA rms Date Code Offset from the pointing centre
GHz arcsec deg mJy/beam
3C105 S 4.8 0.38×0.32 57 0.05 19-07-2003 AM772 on source
3C 105 S 8.4 0.23×0.12 38 0.05 19-07-2003 AM772 on source
3C 195 S 8.4 1.30×0.80 −16 0.11 17-01-2004 AM772 on source
3C 227 E 4.8 1.25×1.19 37 0.08 13-07-1986 AS264 110′′
3C 227 W 4.8 1.25×1.19 37 0.08 13-07-1986 AS264 110′′
3C 227 W 8.4 0.38×0.23 48 0.03 25-05-1990 AB534 on source
Table 4. Radio, NIR and optical flux densities of the hotspot components.
Name 4.8 GHz 8.4 GHz Ks H Js R B
(mJy) (mJy) (µJy) (µJy) (µJy) (µJy) (µJy)
3C 105 S1 26.4±0.7 18.4±0.5 2.6±0.2 2.8±0.2 1.1+0.2
−0.2 0.3
+0.4
−0.2 <0.10
3C 105 S2 540±16 372±11 14.4±0.4 13.5+0.7
−0.6 5.8
+1.0
−0.9 1.0
+1.2
−0.5 0.2±0.1
3C 105 S3 403±12 260±8 23.4±0.5 22.7±0.9 8.5+1.5
−1.3 1.3
+1.6
−0.7 0.3±0.1
3C 105 S Ext 275±8 130±4 17±2 17±2 6.4+4
−3 1.4
+5.0
−1.4 0.9
+0.5
−0.3
3C 195 S - 94±3 3.3+0.8
−0.7 <0.46 - 0.26
+0.01
−0.02 0.14
+0.01
−0.01
3C 227 E1 102±3 - <1.10 - - 0.19+0.07
−0.06 <0.14
3C 227 E2 84±3 - <1.10 - - 0.4+0.1
−0.1 0.5
+0.2
−0.1
3C 227 W1 90±3 63±2 11+2
−1 9.5
+0.6
−1.3 5.3
+0.7
−0.6 1.2±0.1 1.0±0.2
3C 227 W2 28.3±0.8 15.7±0.5 9.5±1.3 4.3±0.8 2.9±0.4 0.44+0.07
−0.06 0.4±0.1
Table 5. X-ray fluxes of the hotspot components and knots. An absorbed power-law model was assumed to estimate the fluxes.
Columns: 1-radio component; 2-X-ray photon index, (f)=fixed; 3-Galactic column density in cm−2; 4-unabsorbed flux densities at 1 keV.
Uncertainties are reported at 90% confidence level. (*): 3σ upper limit.
Component Γ NH,Gal F1keV
cm−2 erg cm−2 s−1
3C 105 S1 1.8(f) 10.4×1020 (5.2±1.3)×10−15
3C 105 S2+S3 1.8(f) ” (2.1±0.8)×10−15
3C 105 S Ext 1.8(f) ” <0.9×10−15(*)
3C 195 S 1.8(f) 7.8×1020 (1.3±0.4)×10−15
3C 227 E 1.8(f) 2×1020 (1.0± 0.2)×10−15
3C 227 W1 1.8±0.3 ” (4.0±0.7)×10−15
3C 227 W2 1.8±0.5 ” (2.1±0.7)×10−15
and its dowstream region. The profile is shown in Fig. 3 to-
gether with the level of the background and with the profile
of a point-like source in the field, rescaled to the peak of
S3. Emission above 3×rms level is detected up to 2′′.5 (∼4
kpc) from the peak. We adopted this estimate as a reference
value for the projected size of the diffuse emission.
No significant X-ray diffuse emission is observed in the
hotspot complex. A 3σ upper limit was derived from the
counts in the total region excluding the three compact com-
ponents (Table 5).
3.2.2 3C 195 South
Tentative detection of NIR emission from 3C 195 South was
reported by Mack et al. (2009). The new VLT observations
confirm the emission from this hotspot in K band, while
only an upper limit is obtained in H band. In the optical
window, this hotspot is clearly detected in R- and B-band
and, within the extraction region, the emission is extended
(Fig. 4).
In X-rays, weak, compact emission is detected by Chandra
at ∼3σ level, in agreement with the results obtained by
Mingo et al. (2017). Because of the faintness of the X-ray
flux, we cannot be conclusive on the slight offset between
the radio and X-ray centroids (Fig. 4). There is no evidence
of diffuse X-ray emission around the compact component.
3.2.3 3C 227 East
Emission from 3C227 East is clearly seen in the optical R-
and B-band (see Fig. 5 and Mack et al. 2009), while with
the new VLT pointing we only measured an upper limit to
MNRAS 000, 1–?? (2002)
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Figure 1. B-band optical images and overlaid radio contours of the hotspots 3C 105 South (top left), 3C 195 South (top right), 3C 227
East (bottom left), and 3C 227 West (bottom right). The radio frequency is reported on each panel. The first contour is three times the
off-source noise measured on the image plane and reported in Table 3. Contours increase by a factor of 2. In the bottom panels the red
box represents the area shown in Figs. 5 and 7.
the K-band flux. The presence of foreground stars in the
hotspot complex hampers an accurate determination of the
optical flux for the hotspot components. In order to avoid
flux contamination from these stars, we selected two extrac-
tion sub-regions (labelled E1 and E2, see Fig 5). The fluxes
are reported in Table 4. We checked and no galaxy is re-
ported within E1 and E2 in the Sloan Digital Sky Survey
(SDSS, Ahn, et al. 2012), which, in this field, detected galax-
ies with similar, or fainter, optical fluxes than ours. We then
estimated the probability that the optical emission in the
two regions is due to unassociated background galaxies. Us-
ing the galaxy number-apparent magnitude relation derived
from deep optical surveys (see e.g. Madau & Pozzetti 2000),
the expected number of galaxies within each area (approx-
imated to a circle of ∼1′′.3 radius) at the measured R and
B fluxes is ∼0.008 and the probability of having one galaxy
within E1 or E2 is <1 per cent. In addition, extended NIR
emission, possibly spatially overlapping with the faint X-ray
flux (see below), was reported by Mack et al. (2009) based
on previous VLT observations in 2002, giving further sup-
port to a non-thermal origin of the NIR-optical component.
The presence of foreground stars precludes also the detec-
MNRAS 000, 1–?? (2002)
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S1
S2
S3
ext.
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Figure 2. Multi-band images of 3C 105 South. From left to right and top to bottom: VLT K s, H, J s, R, and B bands, and Chandra
X-ray images. In the NIR/optical images the first contour represents three times the off-source noise measured on the image at 8.4 GHz
and reported in Table 3, while the other contours are the extraction regions considered for the flux measurement of the three compact
components (S1, S2, S3) and correspond to the 5 per cent of the radio peak flux of each component. The intensity scale of the 0.5–7 keV
image (in count/pixel units) is logarithmic and the image was binned to half the native pixel size (0.246 arcsec) and smoothed with a
Gaussian using σ = 4. The radio contours at 4.8 GHz are overlaid on the X-ray image. The first radio contour represents three times the
off-source noise measured on the image and reported in Table 3, while dashed contours indicate the first negative contour (−3×rms).
Contours increase by a factor of 2. The radio beam is shown in the box in the bottom right corner of the X-ray image.
tion of possible extended optical emission enshrouding the
main hotspot components.
Chandra observations could clearly detect X-ray emission
from the hotspot (Fig. 6 and Orienti et al. 2020), in agree-
ment with previous work by Hardcastle et al. (2007) and
Mingo et al. (2017). No significant X-ray diffuse emission is
observed in the hotspot complex.
3.2.4 3C 227 West
The hotspot complex of 3C 227 West shows a primary east-
ern component (W1) and secondary one (W2), located ∼10
arcsec west of W1. NIR K-band emission from both hotspots
of 3C 227 West was reported by Mack et al. (2009). Our
multi-band VLT observations detect for the first time the
hotspots in NIR H- and Js-band, and confirm the previous
observation in optical R- and B-bands (Fig. 7). Because of a
foreground star in the proximity of the secondary hotspot,
it was necessary to slightly modify the extraction region of
the optical flux. For this reason, the measured NIR-optical
flux should be considered as a lower limit. In both hotspots,
the NIR/optical emission is extended and the size is about
1.5×2 arcsec2 (3.2×2.4 kpc2) for W1 and about 1×2 arcsec2
(1.6×3.2 kpc2) for W2. In particular, in the H-band image
the structure of W1 appears resolved both in the S-E to
N-W and N-E to S-W directions. Differently from 3C 105
South, we did not observe any diffuse NIR/optical bridge
connecting the primary and secondary hotspots.
Chandra observations detected significant X-ray emission
from both the primary and secondary hotspots. As first re-
ported in Hardcastle et al. (2007), a 0.8±0.1 arcsec displace-
ment to the North (1.3±0.2 kpc) is observed between the
X-ray emission and the radio-to-optical emission of the pri-
mary hotspot, with the former occurring upstream towards
the nucleus and likely marking regions of current accelera-
tion (Figure 7). Note that, as discussed by Hardcastle et al.
(2007), the fact that for W1 the emission is spatially re-
solved disfavors the possibility of a by-chance alignment of
the radio and X-ray emission. In the 22 GHz image, W1 is
resolved in two arc-shaped components, with the northern
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Figure 3. Top: H band image of 3C 105 South. The image was
smoothed with a Gaussian using σ =3. The contours start at
3×rms and increase by a factor of
√
2. The box corresponds to the
extraction region of the brightness profile. Bottom: H band bright-
ness profile of the S3 and downstream region (black thick line).
The profile of a nearby point-like source in the field is also shown
(thin solid line). The background level is given by the dashed
lines.
one apparently leaning against the edge of the X-ray emis-
sion (see Fig. 8 and Orienti et al. 2020). The total 22 GHz
flux is 27.4±0.8 mJy.
The association of the X-ray emission with the sec-
ondary hotspot W2 is instead more uncertain. The X-ray
emission is co-spatial but offset (∼1.4 arcsec to the south-
east) with respect to the peak of the radio emission at 4.8
GHz. The morphology in the X-ray and 8.4 GHz maps does
not match: the radio emission is sandwiched between two
X-ray components, one at about 1.7 arcsec (2.7 kpc) to the
East of the radio peak and the other (7 counts between 0.5–
7 keV) to the North. In particular, this latter one could be
associated with the foreground star and therefore it was not
considered in the estimate of the X-ray flux of W2.
The primary hotspot, W1, is the brightest in all energy
bands: the W1 to W2 flux ratio is SW1/SW2 ∼3.5 in radio,
∼1.2 in NIR, ∼2.5 in optical, and &4 in X-rays.
4 BROAD-BAND SPECTRAL ENERGY
DISTRIBUTION
The new VLT observations, together with the archival data,
allow us to model the SED of our targets. The NIR-optical
data are important to determine the high energy part of
the synchrotron spectrum, check for changes in the spec-
tral slope with respect to the radio band and constrain pa-
rameters such as the cut-off frequency (i.e. the synchrotron
frequency of the electrons with the largest energy injected
in the post-shock region) and the break frequency. Here,
we modeled for the first time the diffuse emission of 3C 105
South, 3C 105 S Ext, whereas SED modeling of its three
compact components was presented in Orienti et al. (2012).
The SED of 3C195 South in Mack et al. (2009) did not ex-
tend to the X-ray data, which we now included in the mod-
eling. In 3C 227 West we focused on the primary hotspot
3C227 W1, as the secondary one has less certain multi-
band association and suffers of flux contamination in the
NIR-optical band. A first analysis of this hotspot in ra-
dio and X-rays was discussed in Hardcastle et al. (2007).
Mack et al. (2009) provided the first SED incorporating high
angular resolution NIR/optical data. This work improves
over it with further high angular resolution IR and optical
VLT data. Furthermore, we exploited the spatial and flux
information obtained from the high-angular resolution and
high-sensitivity JVLA observations of W1 at 22 GHz, which
are presented in a companion paper (Orienti et al. 2020) and
summarized here (Sec. 2.3). We did not model 3C 227 East
as the presence of foreground stars in its hotspot complex
precludes an accurate estimate of optical flux from this re-
gion.
We used a leptonic, synchrotron and IC model to re-
produce the emission. For simplicity, we assumed a spher-
ical shape of the emitting region. In case of a different
morphology of the observed emission (cylinder, ellipsoid
etc.), we calculated the radius R of a sphere with the same
volume and uniformly filled by relativistic plasma (i.e. a
filling factor equal one was assumed) and magnetic field
B. We allowed the value of R to vary within the mea-
sured size of the radio emission of each component. The
advance speeds measured for the hotspots range between
0.01c and 0.3c (Polatidis & Conway 2003; Nagai, et al. 2006;
An, et al. 2012), therefore we began assuming a subrelativis-
tic plasma flow (v =0.05c see also Kappes, et al. 2019), i.e.
values of the bulk Lorentz factor Γbulk close to 1. The spec-
trum of the electrons’ energy distribution (EED) was de-
scribed by a single power-law or a broken power-law:
N(γ) =
{
kγ−p1 for γmin 6 γ < γbreak
kγp2−p1break γ
−p2 for γbreak 6 γ < γmax
(1)
where γmin, γmax and γbreak are the minimum, maximum
Lorentz factors and the Lorentz factor at the energy break
(or synchrotron frequency break), respectively, and p1, p2
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Figure 4. Multi-band images of 3C 195 South. From left to right and top to bottom: VLT Ks, H, R, and B band, and Chandra X-ray
images. In the NIR/optical images the thick red contour represents the extraction region considered for flux measurement and corresponds
to the 5 per cent of radio peak flux of the hotspot component. The X-ray intensity scale (in count/pixel units) is logarithmic and the
image was binned to half the native pixel size (0.246 arcsec) and smoothed with a Gaussian using σ = 4. The radio contours at 8.4
GHz are overlaid on the 0.5−7 keV image. The first radio contour represents three times the off-source noise measured on the image and
reported in Table 3, while dashed contours indicate the first negative contour (−3×rms). Contours increase by a factor of 2. The radio
beam is shown in the box in the bottom right corner of the X-ray image.
Figure 5. Multi-band images of 3C 227 East. From left to right: VLT Ks, R, and B band images. The thick dashed red contours are the
extraction regions considered for flux measurement. The sub-regions labelled E1 and E2 were selected in order to avoid contamination
from foreground stars. The thin radio contours represent 96, 192, and 384 times the off-source noise in Table 3.
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Figure 6. Chandra X-ray image of 3C 227 East and overlaid radio
contours at 4.8 GHz. The 0.5−7 keV X-ray intensity scale (in
count/pixel units) is logarithmic and the image was binned to
the native pixel size (0.492 arcsec) and smoothed with a Gaussian
using σ = 4. The first radio contour represents three times the
off-source noise measured on the image and reported in Table 3,
contours increase by a factor of 2. The thick lines represent the
96, 192 ,384 times the off-source noise as in Figure 5. The radio
beam is shown in the box in the bottom right corner.
are the EED spectral indexes below and above the break.
If not differently specified, γmin was set to 100. The limited
sampling of the SED did not allow us to identify breaks or
change of slope in the synchrotron spectra of our hotspots
between the radio and NIR/optical bands, hence a simple
power law was typically adopted (i.e. γbreak = γmax) and
we discuss changes from this initial assumption. The elec-
trons radiate via synchrotron mechanism; the locally pro-
duced synchrotron photons and photons of the CMB provide
the seed photons for the IC mechanism. In the modeling, we
began assuming energy equipartition between the particles
and the magnetic field.
The values of the model parameters are reported in Ta-
ble 6. Note that our goal here was to achieve a broad eval-
uation of the models. The values in Table 6 should be con-
sidered indicative since, given the limited datasets, we did
not perform a fit to the data.
Only the SED of 3C 105 S ext (i.e. the diffuse emission),
for which we only measured an upper limit in X-rays, could
be successfully modeled assuming an equipartition magnetic
field (Model 1). For this target, the X-ray upper limit al-
lowed us to estimate the minimum B (assuming no beam-
ing effects), below which the observed radio-to-optical syn-
chrotron emission would imply a detectable level of IC flux
in X-rays, Bmin &7 µG (see Figure 9). The magnetic field
in equipartition, estimated from the integrated synchrotron
spectrum, Beq =42 µG, is compatible with this limit. For
Beq =42 µG, the detected NIR/optical diffuse emission is
given by particles with γ ≈ 105 − 106 and radiative ages of
the order of ≈17 kyr. Note that, since the emitting region
is relatively large (R ∼5 kpc), the energy density of the lo-
cally produced synchrotron photons is lower than that of the
CMB ones, hence the IC/CMB emission dominates over the
SSC one.
We explored the possibility that a spectral break is
present between the radio and NIR band. In Figure 9 (up-
per, right panel), we show that for p1 =2.6 and p2 = p1+1,
synchrotron curves with γbreak smaller than ∼ 2×10
5 under-
estimate the NIR-optical fluxes by a factor &3.5. This holds
true even allowing for a flatter spectrum, p1 =2.5 (corre-
sponding to the radio spectral index of the full hotspot re-
gion, α = 0.75, in Mack et al. 2009) and B ∼35 µG.
In the other two hotspots, 3C 195 S and 3C 227 W1, the
NIR-optical emission is resolved but it is compact and not
diffuse, as one could expect from a post-shock region. For
the assumed bulk motion (0.05c), the predicted IC emission
under the equipartition assumption (Model 1) significantly
underestimates the observed X-ray fluxes. If we release the
equipartition condition, the X-rays can be ascribed to IC
assuming ratios of the energy density of the particles to
magnetic field (Ue/UB) larger than & 10
3. In this scenario,
the dominant contribution in the X-ray band may be either
IC/CMB or SSC (see Figure 9), depending on the volume
of the region. For example, in 3C 195 S the relative weight
of the two contributions is reversed going from the max-
imum value of R determined by the radio measurements
(R =2.8 kpc, Model 2 in Table 6), with IC/CMB>SSC,
to the assumption of a more compact emitting region, ∼1
kpc (Model 3 in Table 6). This shows that R is a key pa-
rameter of the modeling. In X-rays we are limited by the
resolving power of the current instruments. However low-
frequency observations can now probe the plasma structure
down to hundreds/tens of parsecs for the closest targets (see
Orienti et al. 2020, and the JVLA 22 GHz observation of
3C 227 W1).
An high IC/CMB X-ray flux can be obtained if the
plasma in the hotspot is still moving relativistically, with
Γbulk ∼3–4 (≈0.94c–0.97c), and is seen at moderate or small
inclination angles, θ .20◦(Models 4 and 3 in Table 6 for
3C 195 S and 3C 227 W1, respectively). Indeed, nor the
scales at which deceleration takes place, neither the bulk
flow speeds are known in powerful jets, which could be still
mildly relativistic (see e.g. Mullin & Hardcastle 2009) close
to their termination point. However, the symmetrical large-
scale radio morphology of the two radio galaxies does not
support small viewing angles, unless of invoking local devia-
tions of the plasma flow from the direction of the jet’s main
axis.
5 DISCUSSION
Low-power hotspots have proved to be optimal targets for
studying the synchrotron emission from the highest en-
ergised particles accelerated in the flow: observations in
the NIR/optical bands of selected samples have reached
detection rates up to 70 per cent (Prieto et al. 2002;
Brunetti et al. 2003; Mack et al. 2009). The theoretical ex-
planation is that relativistic particles accelerated in low-
power hotspots, likely with lower magnetic field, have longer
radiative lifetimes and νbreak shifted at higher frequencies
(NIR/optical bands) compared with those of high-power
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Figure 7. Multi-band images of 3C 227 West. From left to right and top to bottom: VLT Ks, H, Js, R, and B band, and Chandra X-ray
images. In the NIR/optical images the contours are the extraction regions considered for flux measurement and correspond to the 5 per
cent of radio peak flux of each component with the exception of the W2 in which the region in some bands have been slightly modified
from those shown in the figure to avoid contamination from a foreground star. The intensity scale of the 0.5−7 keV image (in count/pixel
units) is logarithmic and the image was binned to half the native pixel size (0.246 arcsec) and smoothed with a Gaussian using σ =
4. The radio contours at 8.4 GHz are overlaid on the X-ray image. The first radio contour represents three times the off-source noise
measured on the image, while dashed contours indicate the first negative contour (−3×rms). Radio contours increase by a factor of 2.
The radio beam is shown in the box in the bottom right corner of the X-ray image.
Table 6. SED models and input parameters. Columns: 1-model; 2-radius of the emitting region; 3-magnetic field; 4-minimum, maximum
Lorentz factors and Lorentz factor at the energy break of the EED; 5-spectral index of the EED below/above the energy break; 6-bulk
Lorentz factor; 7-angle between the main jet axis and the observer viewing angle; 8-ratio between the energy densities of the magnetic
field and particles.
R B γmin/γmax/γbreak p1/p2 Γbulk θ (UB/Ue)
kpc µG deg.
3C105 S Ext
Model 1 4.9 42 100/8e5/– 2.6/– 1.0 45 1.0
Model 2 4.9 7 100/2e6/– 2.6/– 1.0 45 0.0013
3C195 S
Model 1 2.8 76 100/1.e6/– 3.05/– 1.0 45 1.0
Model 2 2.8 10 100/2.0e6/– 3.05/– 1.0 45 2.1e-3
Model 3 1.0 13.5 100/1.7e6/3.e3 2.05/3.05 1.0 45 2.3e-4
Model 4 1.0 53 100/7e5/– 3.05/– 3.0 18.0 1.0
3C227 W1
Model 1 1.6 72 100/9e5/– 2.6/– 1.0 45.0 1.0
Model 2 1.6 2.1 100/5e6/1.5e6 2.4/3.4 1.0 45.0 3.1e-6
Model 3 1.6 13 100/1.5e6/2e5 2.4/3.4 4.0 18.0 0.15
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Figure 8. The JVLA image at 22 GHz of 3C 227 W1 obtained
with natural weighting. A square-root colour scale in units of Jy
beam−1 is used. The off-source noise level is 6 µJy beam−1 (see
Orienti et al. 2020 for details). The overlaid X-ray contours are in
logarithmic scale and start at 6 times the rms (0.005 cts/pixel).
The original X-ray image was binned to half the native pixel size
(0.246 arcsec) and smoothed with a Gaussian using σ =4.
hotspots (Brunetti et al. 2003), which are typically in the
millimeter range (e.g. Meisenheimer et al. 1997).
In about 80 per cent of the hotspots in Mack et al.
(2009) detected in the VLT observations (3C 105 South,
3C 195 South, 3C 227 West, 3C 445 North and 3C445 South)
the NIR/optical synchrotron emission either displays com-
pact components surrounded by diffuse emission or an ex-
tended structure (see also Prieto et al. 2002; Mack et al.
2009; Orienti et al. 2012).
3C 105 S ext – The hotspot 3C 105 South falls in the first
category. In this source, the detection of the optical coun-
terparts of both, the primary and secondary (S2 and S3),
hotspots, identifies two main sites of particle acceleration,
with the secondary component being likely produced by the
impact of the outflow from the primary upon the cocoon wall
(Orienti et al. 2012). Synchrotron NIR/optical emission en-
shrouds both components. Such emission extends at least ∼4
kpc (projected size, in H band) to the West of the secondary
hotspot (S3), as also seen in the radio structure (see also Fig-
ure 1 in Orienti et al. 2012). If this area coincides with the
post-shock region, the detection of optical-NIR emission is
somehow surprising in the scenario of one single accelera-
tion episode. In fact, assuming Beq, the electrons responsi-
ble for optical-NIR emission have γ > 105 and estimated
radiative ages in the range ≈ 103 yr for the compact regions
and 104 yr for the diffuse one (see also Mack et al. 2009;
Orienti et al. 2012). Even assuming the optimistic scenario
of ballistic streaming of the electrons, for the longest cooling
times the particles would cover ∼3 kpc, a distance that is
barely consistent with the projected extension of the putative
post-shock region. Moreover, a random B field could further
increase the path of the electrons in the region, thus making
the tension with their radiative lifetimes irreversible.
One possibility is that the electrons, accelerated in the
shock front, stream along the magnetic lines. If so, then (i)
particles are no longer accelerated after leaving the shock
region and (ii) the electrons should diffuse (guided by the
B topology) on a shorter time than their radiative cooling
time, τdiff . τrad (see e.g. Sec. 4 in Meisenheimer et al.
1989). The natural implication of (i) is that the γbreak of
the electrons producing the diffuse emission (γbreak,ext) can-
not be greater than that in the compact regions S2 and S3
(γbreak,comp), and this translates into a constraint on the
magnetic field in the diffuse emission region (Bext):
Bext & νbreak,ext ×
Bcomp
νbreak,comp
G (2)
where Bcomp is the magnetic field in the compact regions
in G, νbreak,ext and νbreak,comp are the synchrotron break
frequencies of the diffuse and compact regions, respectively.
A second constraint is obtained from (ii), for dominant syn-
chrotron losses (an assumption that is justified by the results
of the SED modeling):
Bext .
(
2.1× 1012c
Lobs
) 2
3
(
1
νbreak,ext
) 1
3
(
λmfp
Lobs
) 2
3
G (3)
where λmfp is the mean-free-path of the electrons at
γbreak,ext (for example the bending scale of B), and Lobs
is the linear size of the diffuse emitting region (i.e. the post-
shock region), both in cm. Modeling of the SED of 3C 105
S ext has set a minimum value for νbreak,ext around ∼ 10
12
Hz (γbreak,ext ∼ 10
5, see Sec 4 and Figure 9, upper right
panel). The values of Bcomp and νbreak,comp are taken from
modeling of the primary and secondary hotspots, S2 and
S3, in Orienti et al. (2012): Bcomp = 270 − 290 µG and
νbreak,comp = (0.75 − 1.5) × 10
13 Hz. The size of the region
Lobs ranges from ∼4 to ∼10 kpc to account for projection
effects.
In Figure 10, Bext is plotted as a function of the λmfp
to Lobs ratio. As a third, less constraining condition, we
included in the plot the lower limit on Bext, &7 µG, in-
ferred from the non-detection in X-rays (see Sec. 4 and Fig-
ure 9, upper left panel). The conditions on Bext are fulfilled
for λmfp/Lobs &0.01–0.1. For the considered range of Lobs,
λmfp is (&40–100 pc). For a reference, these lower limits
of λmfp would be compatible with the sizes of the ordered
component of the magnetic field inferred in the hotspots of
3C 227 and 3C445 from the VLA observations at 22 GHz
(Orienti et al. 2020). For larger values, instead, the scenario
of particles streaming along the magnetic field becomes chal-
lenging. High-resolution measurements of the polarized ra-
dio component of 3C 105 S ext could help to probe the B
field topology at these scales.
Stochastic (re-)acceleration of the particles out of the
main shock site is the other possibility. One can speculate
that turbulence, generated via dissipation of the jet’s ki-
netic energy, plays a role, re-energizing particles to maxi-
mum γ ∼ 106, which produce the NIR/optical emission, but
not beyond (hence the non-detection in X-rays).
In the other two hotspots, 3C 195 S and 3C 227 W1, the
sharp drop of the optical fluxes in the SEDs clearly rules
out a single, radio-to-X-ray, component, even allowing for
spectral breaks. The modeling gives hints about the nature
of the second radiative component that generates the X-ray
emission.
3C 195 S – The SED of 3C 195 S is remarkable be-
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Figure 9. Observed SED and models of 3C 105 S Ext, 3C 195 S and 3C 227 W1 (see Table 6). Empty circles are the radio, optical and
X-ray fluxes presented in this paper, filled violet triangles are the 3σ upper limits. The black solid line is the synchrotron curve, thin and
dashed blue lines are SSC curves, dot-dashed orange line is the IC/CMB predicted emission and violet dot-double-dashed line is the sum
of the two IC contributions. Model parameters have been adjusted to best reproduce the data based on by-eye evaluation. Upper left
panel: 3C 105 S Ext data, Model 1 (thick lines) and Model 2 (thin lines). Upper right panel: changes of synchrotron curve for different
γbreak. Middle panels: 3C 195 S observed SED with Model 2 (left panel) and with Model 3 (right panel). 3C 227 W1: in the lower left
panel we show data with Model 2 and in the lower right panel we show the double-synchrotron component model (see the Discussion).
The radio-to-optical emission is modeled with the same parameters of Model 1 (labelled synkpc) and the related total IC emission is
given by the double-dotted line (labelled ICkpc,tot). The X-ray emission is produced in compact regions with R = 60 pc: the grey thin
solid line is the synchrotron emission of a single region (labelled synpc,60pc). The grey thick solid line is the sum of ∼20 compact regions
(labelled synpc,tot). The magenta triangle is the JVLA non detection at 22 GHz at the location of the bulk of the X-ray emission (Orienti
et al. 2020).
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Figure 10. The plot shows the range of allowed values of the
magnetic field Bext and λmfp/Lobs in the 3C 105 S ext under
the assumption of particles diffusing from the shock-front region
along the B field lines without any further acceleration episode.
The dot-dashed/dot-double-dashed lines delimit the areas defined
by Eq. (2) for the two values of Lobs. The dashed/long-dashed
lines delimit the areas defined by Eq. (3) for the two values of
Lobs. The solid thick line corresponds to the lower limit given by
the non-detection of X-ray emission in 3C 105 S ext. The areas of
allowed values (for the two values of Lobs) are given by the two
shaded triangles (see Sec. 5 for details). The λmfp/Lobs >1 area
(striped area) is beyond the putative post-shock region.
cause of its steep radio-to-NIR spectrum (α >1.0). If the
spectrum extends below the GHz frequencies without any
change of slope, a dominant IC/CMB component at high-
energies constrains γmin to values &50–100, not to exceed
the observed optical flux. For the same reason, if we re-
duce the volume of the emitting region and the synchrotron
radiative field becomes dominant over the CMB one (see
Model 3 in Table 6 and Figure 9), either a γmin greater
than a few thousands or a spectral break are required. If
due to radiative cooling, a break at such low energies would
imply an extremely old electron population in an hotspot
that has switched off, thus excluding fast jet’s intermit-
tence. Alternatively, it could reflect an unusual initial EED
shape inherent to the acceleration mechanism. Interest-
ingly, in a number of hotspots (Leahy, Muxlow & Stephens
1989; Lazio, et al. 2006; Godfrey, et al. 2009; McKean, et al.
2016), evidence for a flattening of the radio spectrum at
low frequencies, in the GHz to tens of MHz band, has
been found. This could be caused either by a turn-over
of the EED (e.g. Leahy, Muxlow & Stephens 1989) or by
the transition between acceleration processes (Stawarz et al.
2007). Observations at low (MHz) radio frequencies sam-
pling the low-energy tail of the synchrotron spectrum (see
e.g. Harwood et al. 2016, 2017) can help discriminate among
the different scenarios. The field of 3C 195 has been ob-
served at 150 MHz by the Giant Metrewave Radio Telescope
(GMRT) as part of the TIFR GMRT Sky Survey (TGSS)
project. We retrieved and inspected the 150 MHz image of
our target in the TGSS Alternative Data Release (TGSS
ADR2; Intema, et al. 2017). Unfortunately, the angular res-
olution of the survey (25′′×25′′) is not sufficient to reliably
de-blend the hotspot emission from the lobe component. A
comparison of the X-ray photon index with the steep radio-
optical spectral index is a further test of the (single-zone)
IC scenario: for example, similar spectral indexes in the two
bands would play in favour of the IC/CMB emission. In-
deed, deep X-ray observations are necessary to measure the
photon index with a sufficient level of precision.
3C 227 W1 – A single zone radiating model was initially
applied also to the SED of 3C 227 W1. As for 3C 195, a large
particle dominance is required if the X-ray emission is of
IC origin and not relativistically boosted (UB/Ue . 10
−5,
see Table 6 and Hardcastle et al. 2007). For this model, the
radio-to-optical spectrum and the best fit value of the X-
ray spectral index suggest that the IC total emission peaks
above >10 keV, at ≈ 1024 Hz (in Figure 9). Therefore, we
looked for observations of the source in the hard X-ray to
γ-ray band. The radio galaxy 3C 227 was pointed twice by
the NuSTAR mission (the Nuclear Spectroscopic Telescope
Array, Harrison et al. 2013), which is imaging the sky in the
hard X-rays (3-80 keV band). We retrieved and analyzed the
public data. A point source is clearly visible in the NuSTAR
image at the location of the AGN. No significant signal is
detected at the hot spot position and, given the instrument
PSF, flux contamination from the core results in a relatively
shallow upper limit (6×10−14 erg cm−2 s−1), which hampers
a meaningful test of the model. In the MeV-GeV band, the
sensitivity limit3 of the Fermi Large Area Telescope (LAT
Atwood et al. 2009) is > 2− 3× 10−13 erg cm−2 s−1. Thus,
the γ-ray predicted IC flux is at the LAT detection threshold
at best. In addition, the LAT PSF (0.8◦at 1 GeV) would
not allow us to disentangle the hotspot γ-ray flux from the
possible AGN contribution.
For 3C227 W1 the sensitivity of the current instruments
does not make it possible a test of the IC model in the hard
X- and γ-rays. However the IC scenario has also other ob-
servational issues. In fact, although the multi-band emission
of 3C 227 W1 is broadly co-spatial, both hotspots of 3C 227
West show a displacement of ∼1.3−2.7 kpc between the X-
ray and radio-to-optical centroids, with the former occur-
ring upstream towards the nucleus (see also Hardcastle et al.
2007). Similar misalignments are observed in other hotspots,
like Pictor AWest (Hardcastle et al. 2016) and 3C445 South
(Perlman et al. 2010; Orienti et al. 2012). As discussed in
these works, such offsets can be hardly reconciled with stan-
dard SSC and unbeamed/beamed IC-CMB one-zone mod-
els (though see recent developments in simulations mod-
eling the non thermal emission of relativistic flows, e.g.
Vaidya et al. 2018). A displacement between the X-ray and
radio emission is instead expected in the model proposed by
Georganopoulos & Kazanas (2004) of a decelerating flow, in
which freshly accelerated relativistic electrons from the fast
upstream region of the flow upscatter to high energies the
radio photons produced in the downstream, slower region by
2 http://tgssadr.strw.leidenuniv.nl/doku.php
3 The integral sensitivity is evaluated as the minimum flux above
100 MeV to obtain the 5σ detection in 10 years of LAT observa-
tion in survey mode, assuming a power law spectrum with index
2. See http://www.slac.stanford.edu/exp/glast/groups/canda/
lat Performance.htm
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electrons that have radiatively cooled. However, this model
involves boosting of the high energy emission and fine-tuned
jet parameters (e.g. inclination, bulk motion and location of
the radiating regions), while offsets are frequently observed.
Alternatively, the X-ray emission may be explained in
terms of synchrotron emission from a second population of
relativistic electrons, possibly produced in an acceleration
event spatially and/or temporally separated from that re-
sponsible for the radio-to-optical emission. In the western
hotspot of Pictor A, high resolution radio imaging has un-
veiled structures with maximum estimated linear scales of
∼16 pc, which could be the sites where the X-ray emission is
produced (Tingay et al. 2008). The discovery of X-ray flux
variability on month-to-year timescales (Hardcastle et al.
2016) further supports the hypothesis of the X-ray emis-
sion originating in compact (sub-parsec), possibly transient
regions.
Evidence of the presence of similar sub-regions, with
linear size .100 pc, in low-luminosity hotspots, including
3C 227 West, comes from the 22 GHz JVLA observations
at high-angular resolution and high-sensitivity that we have
recently acquired (see Orienti et al. 2020 and Prieto et al.
2002; Mack et al. 2009; Orienti et al. 2012, for similar re-
sults in the NIR/optical band). Here we use the information
on the physical scales of these regions to investigate the sce-
nario of a synchrotron origin of the X-ray radiation. The
observed radio-to-optical emission is accounted for by syn-
chrotron emission from a kpc-scale region under the assump-
tion of energy equipartition (same parameters as Model 1 in
Table 6). As discussed in Sec. 4, the total IC flux from this
component is significantly lower than the flux measured by
Chandra. The X-ray emission results instead by summing to-
gether the synchrotron contribution produced by a number
of pc-scale regions. As an example, in Figure 9, we modeled
the emission of one such compact region, assuming R =60
pc (i.e. within the observed radio upper limits, B =70 µG,
γmin = 10
3, γmax = 10
8 and again UB ∼ Ue). To be in
agreement with the JVLA observations, the 22 GHz flux
density of each single 60 pc region must lie below the 3σ
noise level (18 µJy) measured at the location of the X-ray
emission. For these parameters, a cooling break is expected
around γbreak ∼ 8 × 10
7, implying that this second syn-
chrotron component rapidly drops at >10 keV energies. We
assumed p1 = 2.4 (and p2 = 3.4 above the break), however
a harder synchrotron spectrum (p1 = 2.0) would be equally
in agreement with the radio and X-ray observational con-
straints. For the assumed region’s parameters about 20 re-
gions are sufficient to obtain the observed X-ray flux (see
Figure 9). Indeed, these numbers should be considered as
indicative and could change if we modify the parameters
and assumptions (e.g. smaller R, departures from the en-
ergy equipartition assumption). In this scenario, electrons
are efficiently accelerated in clumps. Given the fast cooling
time of the high-energy particles, the X-ray emission would
trace the most recent acceleration sites, while the bulk of
the (slowly evolving) radio emission could result from the
accumulation over time of the several acceleration episodes.
6 SUMMARY & CONCLUSIONS
In this work, we presented new NIR and optical data of
low-power hotspots, investigated their structure at different
wavelengths and modeled their SED. The main results can
be summarized as follows:
• we confirm the detection in the NIR/optical bands of
all targets, with the exception of one uncertain association
(3C227 W2 in 3C 227 West), with the emission being typi-
cally resolved;
• the radio and NIR/optical diffuse emission in 3C 105
South (as already reported by Orienti et al. 2012), which
surrounds the bright and compact hotspots, likely coincides
with the post-shock region. The constraints on the cooling
times and on the minimum mean free path (&40-100 pc) of
the particles producing such emission make a robust case for
some kind of mechanism accelerating particles in the post-
shock region, e.g. Fermi II shock re-acceleration as proposed
in e.g. Prieto et al. (2002). Radio observations probing the
configuration of the magnetic field in this region could fur-
ther test this scenario;
• in view of its SED, 3C 195 South is a good candidate
to confirm/disprove the IC hypothesis for the X-ray emis-
sion. Our modeling showed that NIR/optical data set pre-
cise constraints to the SSC or IC/CMB emission, which are
testable with (i) low-frequency radio observations with angu-
lar resolution down to a few arcseconds or less, such as those
that the Low Frequency Array (LOFAR van Haarlem, et al.
2013) is acquiring in the northern Hemisphere (see the LO-
FAR Two Metre Sky Survey, LoTSS, Shimwell, et al. 2019);
and (ii) tighter constraints to the X-ray spectral slope;
• we showed that synchrotron emission produced in com-
pact regions, whose existence is confirmed by JVLA observa-
tions at 22 GHz (Orienti et al. 2020), is a viable explanation
for the X-rays in 3C 227 W1. The large Lorentz factors, 107–
108, of the electrons emitting in X-rays imply that efficient
particle acceleration is ongoing in the clumps.
The targets of our study are representative of standard low-
power hotspots. Hence, it is likely that they share the same
properties and mechanisms of their class. To make progress,
on one hand we need to increase the sample of sources
with high-sensitivity and high-resolution radio observations,
which are necessary to map the complex, small-scale struc-
ture of the plasma and magnetic field. On the other hand,
for the first time, we have access to time baselines (∼10-
20 years) in X-rays that allow us to test the high-energy
variability in the context of the discussed scenarios. At the
same time, simulations connecting the macro physical scales
of relativistic jets with the micro-physics of the particle ac-
celeration and radiative processes (Mart´ı 2019, for a review)
can provide the theoretical framework to decode the physics
of hotspots and jets.
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